Since free iron possesses a poor solubility under physiologic conditions and thus becomes a limiting nutrient for growth, a shift from high-to low-iron environmental conditions is an important signal for bacteria to coordinate the regulation of gene expression. Here, we studied and compared the level of transcripts corresponding to the vacA (cytotoxin), ureA (urease), cagA (cytotoxin-associated antigen) and fur (ferric uptake regulator) genes of Helicobacter pylori, grown under iron-sufficient and iron-restricted conditions. A significant increase in the accumulation of vacA and fur transcripts was observed under ironrestricted conditions. This up-regulation by low levels of iron seems to be not directly regulated by Fur, and certainly requires other regulatory factors. No statistical difference was defined in the accumulation of cagA and ureA. z
Introduction
Helicobacter pylori is the etiological agent of chronic active gastritis, and is strongly associated with duodenal ulcer, gastric ulcer, and gastric malignancy in humans [1] . Infection with H. pylori persists in hostile conditions in the stomach. This bacteria produces di¡erent potential virulence factors including a urease, a potent cell-vacuolating cytotoxin (VacA), and an antigen associated with this cytotoxin: the Cag antigen [2] . The expression of these different virulence factors is probably highly dependent on the ecological niche of H. pylori, but little is known about this regulation. Karita et al. [3] demonstrated a highest expression of cagA at pH 6 by gene fusions between cagA and xylE, and Baverfeind et al. described a reduction in the nascent urease and catalase amounts at low pH [4] . However, no transcriptional studies of the H. pylori genes have been attempted as yet. More speci¢cally, the role of iron, which is involved in the regulation of virulence factors of a wide variety of bacteria [5] , has not been evaluated for H. pylori.
Since free iron possesses a poor solubility in biological £uids, a shift from high-to low-iron environmental conditions is an important signal for bacteria to coordinate regulation of gene expression. In response to the low level of free iron in the host, genes that are under the negative control of iron are dere-pressed. These include genes encoding proteins involved in iron transport, as well as genes encoding toxins. The hemolysin of Vibrio cholerae [6] , the diphtheria toxin of Corynebacterium diphtheriae [7] , the Shiga-like toxin of Shigella dysenteriae and the Shiga-like toxin of Escherichia coli are examples of iron-regulated toxins. Iron-regulated outer membrane proteins involved in iron acquisition system in H. pylori are described in di¡erent studies [81 0], and a fur-like gene that is involved in the regulation of Fe-repressible gene expression was recently cloned and characterized [11] . H. pylori does not produce siderophores [8] but is able to remove iron from heme and human lactoferrin (HLF) via hemeand HLF-binding proteins [8^10], especially synthesized under iron-limited conditions. These proteins are immunogenic and recognized by H. pylori-positive sera [9, 10, 12] . No studies document how the free iron is solubilized in the stomach. However, according to the immunogenicity of these proteins, we concluded that they are synthesized by H. pylori in the stomach, and thus, that H. pylori lives under ironlimited conditions.
The aim of this study was to report the in£uence of iron on the expression of several putative virulence factors produced by H. pylori such as urease, VacA cytotoxin, CagA protein, and on the expression of the fur gene. We studied and compared the level of transcripts corresponding to these genes of H. pylori grown under iron-restricted or iron-su¤-cient conditions.
Materials and methods

Bacterial culture
H. pylori (P1 strain) was maintained on Colombia agar plates (Difco Laboratories, Detroit, MI, USA) supplemented with 10% horse blood, in a microaerobic atmosphere at 37³C. Broth cultures were grown with shaking in brain heart infusion (BHI) supplemented with 7% fetal calf serum. Iron restriction was achieved by passing BHI three times through a chelex 100 ion exchange resin (BioRad, California) in batch (3U33Ug per 100 ml medium). Iron concentration (below 0.1 WM) was checked by atomic absorption spectroscopy. Since this resin adsorbs other divalent cations, we supplemented our broth with a mineral solution (CaCl P W6H P 0: 0.
. During growth, the pH was checked and held at a value of 6.9 to 7.1 to avoid variations in the expression of the di¡erent genes with varying pH as was described [6] . Culture growth was monitored spectrophotometrically at 590 nm. Iron-restricted growth conditions of each culture were indicated by identi¢cation of iron-repressible proteins by SDS-PAGE gel electrophoresis as previously described [10] .
RNA manipulations 2.2.1. RNA extraction
Bacteria were washed three times and resuspended in`RNAase-free' PBS bu¡er (treated with DiEthyl Pyro Carbonate, Sigma; [13] ). Total RNA was extracted using a method based on guanidium thiocyanate extraction. Brie£y, 2 ml of a solution of guanidium thiocyanate/phenol pH 4.7 [guanidium thiocyanate 0.2 M, EDTA 0.05 M, SDS 1.5% (w/ v), phenol pH 4.7 50% (v/v)] were added to 1 ml of a heavy bacterial suspension (OD = 1 at 590 nm) and rapidly frozen. RNA was then puri¢ed two times: ¢rst by chloroform extraction and precipitation with isopropanol and secondly with phenol:chloroform (1:1) followed by a precipitation with absolute ethanol [13] . RNA was dried, resuspended in a formamide solution [formamide:water (1:1)] and incubated at 60³C a few minutes to allow dissolution. RNA concentrations were determined spectrophotometrically (260 nm), and the purity of the preparations was checked by formaldehyde gel electrophoresis [13] .
Northern blot analysis
Ten Wg of RNA sample and 10 Wg RNA Molecular Weight Marker I (Roche Diagnostics-Boehringer Mannheim, ref 1062 611) were fractionated by electrophoresis in a 1.5% agarose gel in MOPS bu¡er (MOPS 0.5 M with 0.6 M formaldehyde pH 6.5). After electrophoresis, RNA was capillary transferred onto Hybond N+ nylon membrane (Amersham, Arlington Heights, IL, USA) using 20USSC (NaCl 3 M, Na citrate 0.3 M; pH 6.5) as blotting bu¡er. RNA was ¢xed to membranes by baking at 80³C for 2 h and by exposition to UV translumination for 5 min. DNA probes were generated and labeled by PCR (PCR Dig labeling mix, Roche Diagnostics-Boehringer Mannheim, ref 1636090) with primers described in Table 1 . Hybridization of 10 Wg of total RNA with the appropriate DNA probe (20 ng ml 3I of hybridization bu¡er) was performed in Dig bu¡er (formamide 50%, blocking agent 2%, N-sarcosyl 0.1%, SDS 0.02%, 5USSC) and revealed with the Dig detection kit (Boehringer Mannheim, ref 1636000). Optimum washing conditions were determined for each probe.
Northern dot blot analysis
An aliquot of 2 Wg of total RNA was examined by dot blot analysis with di¡erent DNA probes, according to the hybridization and washing conditions de¢ned by Northern blot experiments. The density of each spot was measured at 570 nm with an Imager (BioRad). This Imager was calibrated as follows: zero absorbance corresponded to the ¢lm background and absorbance of 2000 (arbitrarily chosen) corresponded to a black ¢lm. DNA probes were then stripped from the blots and a 1400 bp 23S RNA gene probe was hybridized as an internal control to verify RNA binding on the dot blot. Experiments were done twice from two di¡erent cultures. To determine signi¢cative di¡erences for transcript quantities between iron-poor and iron-rich culture conditions, we used a Student statistical test.
Results and discussion
Growth of H. pylori P1 under these conditions resulted in a typical growth curve with an exponential phase between 24 to 48 h and a stationary phase starting at 48 h (Fig. 1) . The shape of the growth curve of H. pylori was similar in iron-restricted medium, although this iron restriction e¡ectively limited the growth (Fig. 1) . Bacterial cells were collected and outer membrane proteins were extracted and analyzed by SDS-PAGE to check the iron restriction conditions by identi¢cation of iron-repressible outer membrane proteins (IROMPs, Fig. 2 ). IROMPs were expressed in response to iron starvation at 21 25, 29, 56, 97 kDa.
To investigate the transcription of the di¡erent genes encoding H. pylori virulence factors, we ¢rst carried out Northern blotting experiments using RNA isolated from exponentially growing iron-su¤-cient cultures. Each probe hybridized to a single mRNA that migrated with a size of approximately 4200 nucleotides for the vacA gene, 4000 for the ureA gene, 3000 for the cagA gene (Fig. 3) . These mRNAs have the predicted size of the complete coding regions corresponding to vacA [19] , ureA-ureB operon [21] , and cagA genes [20] .
The role of growth phases upon the transcription of the genes under iron-su¤cient conditions was examined. Samples were removed at 24 and 48 h. Total RNA was extracted and dot blot analysis was done according to the hybridization and washing conditions de¢ned by Northern blot. Under these conditions, there was a signi¢cant increase in the accumulation of the vacA transcripts during exponential growth curve, while no signi¢cant variation in the transcription of ureA and cagA genes was observed (Fig. 4) . Up to now, methods used to quantify H. pylori virulence factors in di¡erent culture conditions were based on immunological properties (CagA, hemagglutinin, £agellin subunits, and a species-speci¢c 26 kDa protein; [3, 14] ) or enzymatic reactions (urease and catalase; [4] ). Only a few transcriptional analyses have been done. A gene fusion between cagA and xylE followed by quanti¢cation of xylE [3] demonstrated higher cagA expression during stationary phase than in log phase. Di¡erential gene expression during log and stationary phases is a common theme in bacterial physiology, but its particular role in H. pylori infection is not known. This phenomena was recently demonstrated for a hemagglutinin, the £agellin and a species-speci¢c 26 kDa protein using monoclonal antibodies as a quanti¢ca-tion method [14] .
To examine the role of iron in the regulation of transcription of cagA, vacA, ureA and fur genes, we compared the accumulation of each mRNA during growth under iron-su¤cient and iron-restricted conditions. Results are shown in Fig. 4 . We obtained an increase in the number of fur transcripts at 48 h of growth especially under iron-restricted cultures. The Fur protein is known to act as a corepressor with ferrous iron (Fe P ) via sequence-speci¢c protein-DNA interactions in the promoter region of Furregulated genes [15] . The Fur protein recognizes a consensus sequence (GATAATGATAATCAT-TATC) called an`iron-box' or`Fur-box'. Since we identi¢ed a putative`Fur-box' (TTGTATAATAA-T.ATTCT) in the promoter of the H. pylori fur locus [11] , we considered that the gene may be negatively regulated by Fur. These observations taken together, we concluded that H. pylori was under iron-restricted conditions especially after 48 h of growth which was probably necessary to remove all free iron present in the medium as well as iron stored by the H. pylori bacterioferritin [16] . At 48 h, under iron-restricted conditions, we found a signi¢cant increase in the accumulation of vacA transcripts, while no statistical di¡erence in the accumulation of ureA was observed, according to the iron status of the bacteria. The variations in the transcription of cagA from one culture to another were too high to allow conclusions to be made. The regulation of the cagA gene may be more complex and is sensitive to factors that we could not measure here.
From the H. pylori genome sequence, Tomb et al. [17] could not identify any putative`Fur-box' in the promoter of the vacA gene. This ¢nding indicates that the regulation of this gene by iron observed here is not directly related to the Fur protein. Our results suggest the presence of a second regulatory mechanism under iron control, probably via the Fur protein. Such iron regulation has already been described in other Gram-negative bacteria such as Pseudomonas aeruginosa: the expression of the exotoxin A gene is regulated via the products of the regAB operon and a putative sigma factor (PvdS) [18] .
To survive in their host, bacteria have to adapt. The modulation of the acquisition of iron is one of the most important bacterial adaptive responses and plays an important role in bacterial pathogenesis. In H. pylori, we demonstrated here by analysis of transcripts, an increase in the expression of vacA genes under iron-restricted conditions. We think that iron availability in the mucus of the stomach is low, since antibodies against iron-repressible proteins such as heme and lactoferrin receptors are present in H. pylori-positive sera. Our results emphasize the role of VacA in H. pylori pathogenesis. The up-regulation by low levels of iron seems to be not directly correlated to the protein Fur. It appears more complex and certainly requires other regulatory factors. Further research is needed to identify these factors. 
